A paradox in bone tissue is that tissue-level strains due to animal and human locomotion are too small to initiate intracellular chemical responses directly. A model recently was proposed to resolve this paradox, which predicts that the fluid flow through the pericellular matrix in the lacunar-canalicular porosity due to mechanical loading can induce strains in the actin filament bundles of the cytoskeleton that are more than an order of magnitude larger than tissue level strains. In this study, we greatly refine this model by using the latest ultrastructural data for the cell process cytoskeleton, the tethering elements that attach the process to the canalicular wall and their finite flexural rigidity EI. We construct a much more realistic 3D model for the osteocyte process and then use large-deformation ''elastica'' theory for finite EI to predict the deformed shape of the tethering elements and the hoop strain on the central actin bundle. Our model predicts a cell process that is 3 times stiffer than in a previous study but hoop strain of >0.5% for tissue-level strains of >1,000 microstrain at 1 Hz and >250 microstrain at frequencies >10 Hz. We propose that this strainamplification model provides a more likely hypothesis for the excitation of osteocytes than the previously proposed fluid-shear hypothesis.
A fundamental paradox in bone tissue is that tissue-level strains in whole bone due to animal and human locomotion are typically Ͻ0.2% (1, 2) , yet an extensive range of in vitro experiments in bone (3) (4) (5) and other tissue cultures (6, 7) show that dynamic substrate strains must be at least an order of magnitude larger for intracellular biochemical responses to occur. Such large whole-tissue strains in vivo would cause bone fracture. You et al. (8) recently proposed a new hypothesis and exploratory quantitative cellular-level model that predicts that the fluid flow through the pericellular matrix in the lacunarcanalicular porosity due to small whole-tissue deformations can induce cellular-level strains in the actin filament bundles of the cell processes, which are 1-2 orders of magnitude larger than whole-tissue strains and sufficient to initiate intracellular signaling. This model was intended to demonstrate the quantitative feasibility of the basic hypothesis and not realistically simulate the strain-amplification mechanism, because there was only fragmentary and sometimes contradictory evidence with regard to the key structural components of osteocytes that would be necessary for the model to work in vivo. In addition, there was no information on the most important mechanical properties in the system, i.e., the flexural rigidity EI of the transverse filaments in the pericellular space and the sieving characteristics of the pericellular matrix. You et al. (8) treat these filaments as inextensible strings with no flexural rigidity.
The four basic structural components in the model are as follows: (i) transverse filaments in the pericellular matrix that anchor and center the osteocyte process within its canaliculus; (ii) an organic matrix attached to the transverse filaments that fills the entire pericellular space surrounding the osteocyte and its cell processes and that would exert a flow-induced drag force on the transverse filaments; (iii) a cytoskeletal structure within the cell processes to resist hoop tensions and bending deformation; and (iv) transmembrane proteins and other linker molecules that transmit the flow-induced tension in the transverse filaments to the actin cytoskeleton in the cell process.
The recent ultrastructural study by You et al. (9) provided the first detailed information on these structural components in and around osteocytes in adult bone. In particular, the study unequivocally demonstrated the existence of the transverse tethering filaments in the pericellular space and the first measurements of their spacing and distribution. The study also elucidated for the first time in bone tissue the spacing and arrangement of the actin filaments in the cross section of the cell process. Morphologically, this central actin filament bundle is very similar in appearance to the bundle that has been studied extensively in the brush-border microvilli of the small intestine (10, 11) . The cell process consists of 15-20 central axial actin filaments, surrounded by a 25-nm annulus in which there is presumably a filament-membrane complex through which the central filament bundle is attached to membrane proteins that link the cytoskeleton to the extracellular matrix. The immunocytochemical studies of Tanaka-Kamioka et al. (12) on isolated embryonic chick clavaria show a nearly uniform labeling of the cell process by fimbrin, a cross-linking molecule that is known to cross-link actin filaments with parallel polarity (13) . There also was localized labeling of ␣-actinin, but that primarily was associated with stress fibers in the cell body that have an antiparallel polarity.
The close similarity between the three-dimensional cytoskeletal organization of the osteocyte cell process and intestinal microvilli was not realized when the model in You et al. (8) was published. The slender cell processes are an order of magnitude longer in osteocytes than intestinal microvilli, and the studies of Tanaka-Kamioka et al. (12) considered only planar arrangements of cells where the osteocyte processes were observed primarily en face in field-emission scanning electron microscopy rather than in cross section. Subsequently, Weinbaum et al. (14) presented a comparative study of possible mechanotransduction mechanisms in renal and intestinal microvilli, stereocilia in the ear, and bone cell processes. The fundamental difference is that in the first three cell types with actin-rich projections, hydrodynamic loading causes a bending along the long axis of the cellular projections, whereas in bone cells the strain-amplification hypothesis in You et al. (8) assumes it occurs through a hoop tension that is generated in the cross section of the process because the processes are encased in nearly rigid tubes with minimal bending deformation.
Important new information also was obtained recently concerning the sieving properties of the pericellular matrix and, hence, the spacing of the glycosaminoglycan (GAG) side chains of the proteoglycans in the pericellular space. Both Wang et al. (15) and Knothe Tate (16) have found that the sieve lies somewhere between horseradish peroxidase, 6 nm in diameter, and ferritin, 10 nm in diameter. The cutoff in size appears to lie very close to 7 nm, the molecular sieve size for albumin in the endothelial glycocalyx of capillaries (17) (18) (19) . This spacing is a key input in determining the hydrodynamic drag on the tethering filaments. Finally, model calculations for the flexural rigidity of the core proteins of proteoglycans, the structural component believed to represent the transverse filaments, predict an EI value of 700 pN⅐nm 2 (20) .
The foregoing advances have set the stage for a much more realistic, ultrastructurally based model for strain amplification in bone. In this study, we first develop a three-dimensional model for the osteocyte process with a 19-element actin filament bundle whose organization is modeled after the fimbrin cross-linked hexagonal structure observed in stereocilia (21) and microvilli (13) . To our knowledge, the force distribution in hexagonally packed actin filament bundles with helically arranged fimbrin cross-bridges has not been analyzed previously. We then apply large-amplitude deformation theory for ''elastica'' to predict how the hoop strains in the osteocyte process vary as a function of the transverse element flexural rigidity, EI, and the tissue loading and frequency. We find that the value of EI has a subtle influence on the hoop tension that is transmitted to the core bundle of the cell process. We also propose that the present theory for cellular-level strain amplification provides a more likely hypothesis for the excitation of osteocytes than the fluidshear hypothesis previously proposed (22) .
Methods
Structural Model. Fig. 1 shows sketches of our idealized model for the internal structure of the osteocyte process and its attachment to the canalicular wall by the transverse elements as seen in both radial (Fig. 1 A) and longitudinal (Fig. 1B) cross sections. The central filament bundle inside the cell process is a hexagonal array of 19 actin filaments (9) , which are attached to unknown integral membrane proteins (8, 9) in the cell process membrane by cross-filaments equivalent to brush border myosin-I in intestinal microvilli (11) . Adjacent actin filaments with 12-nm spacing are cross-linked periodically by fimbrin in a hexagonal pattern. Along each actin filament, the fimbrin cross-links rotate 60°counterclockwise and advance 12.5 nm axially in successive cross-linking positions as proposed in refs. 13 and 21 (Fig. 1C) . The cross-filaments surrounding the core bundle spiral in a double-helical coil around the core bundle with 37.5-nm spacing between each coil (Fig.  1D) , which is similar to the spacing observed for brush border myosin I in intestinal microvilli (11) . Because there are 12 actin filaments in the outermost ring, each coil advances 6.25 nm between successive outer actin filaments (75 nm in a single rotation). The transverse elements attach the osteocyte process to the canalicular wall and center it in the canaliculus. The integral membrane proteins are the sites where individual cross-filaments are connected with each transverse element (9) . This observation implies that the transverse elements also are arranged in a double helix with 37.5-nm spacing along the axial direction of the canaliculus. Note that this spacing is consistent with the measured value of 38 nm in ref. 9 . The transverse elements with their GAG side chains fill the annular space between the cell membrane and the canalicular wall. These side chains are assumed to have a 7-nm spacing (8, 15, 16) and thus form a molecular sieve that prevents the loss of albumin (7-nm diameter) to the bone tissue space. The radii of the osteocyte process and canaliculus are 52 and 130 nm, respectively (9) .
Mathematical Model for the Deformed Transverse Elements. In You et al. (8) , a simplified model is developed for the deformation of the transverse filaments that tether the cell process to the canalicular wall. The hydrodynamic loading on these tethering elements is produced by the fluid flow through the GAG-filled annular space surrounding the cell process, as shown in Fig. 2 . The GAG side chains are attached to the tethering filaments, and the drag on these side chains is transmitted to the filament, much like the wind blowing through the needles on a pine tree. In ref. 8, the deformed shape of the tethering filaments is easy to determine because the loading per unit length of tethering filament, w, is uniform, and they are treated as inextensible strings with EI ϭ 0. For these assumptions the deformed shape is a simple catenary, the same as a hanging chain with uniform loading in a gravitational field.
In the present model, a more elaborate theory is required to determine the deformed shape of the tethering filament because its finite flexural rigidity is considered. Furthermore, largedeformation theory is required because relatively small radial displacements of the ends of tethering filaments at the cellprocess membrane can lead to large horizontal deflections of the filaments. We, therefore, use large-amplitude deformation theory for elastica (23) to determine the deformed shape of the tethering filaments due to the hydrodynamic loading. The one simplification that can be retained is that the hydrodynamic loading w is still uniform. The hydrodynamic theory (22) shows that the velocity profile in the pericellular matrix is nearly uniform except for very thin side-wall fiber interaction layers at the canalicular wall and process membrane whose thickness is less than the GAG spacing (7 nm). These thin layers can be neglected. The governing equation from elastica theory for the shape of the tethering element in Fig. 2 is given by
Here, L c is the length of an individual transverse element; T n is the normal component of the tensile force at the canalicular wall, T, and w⅐L c is its horizontal component; and EI is the flexural rigidity of the core proteins. Note that the deflection of the transverse elements will cause the spacing, d, between the cell membrane and the canaliculus wall to decrease. d is given by
where we assume, as in ref. 8 , that the tethering filaments are inextensible. The key unknown in Eq. 1 is the hydrodynamic loading w on the transverse filament. This loading is determined from the hydrodynamic model presented in ref. 22 for the fluid flow in the fiber-filled fluid annulus surrounding the cell process and the theoretical model in ref. 24 for the interstitial pressure distribution in the lacunar-canalicular porosity of an osteon. By using this combined theoretical model, You et al. (8) were able to able to determine the drag force F D on the transverse elements per unit length of the cell process. This model for calculating F D is provided in Appendix A, which is published as supporting information on the PNAS web site. The expression for F D is a function of the lacunar-canalicular geometry and its Darcy permeability, K P , the osteonal geometry, and the amplitude and frequency of the mechanical loading. The final expression for w is given by
Note that there are 12 individual transverse elements in a periodic unit of length L f ϭ 37.5 nm along the axis of an individual cell process.
Mathematical Model for the Strain on the Osteocyte Process. To our knowledge, the loading distribution within a hexagonally packed actin filament bundle with fimbrin cross-bridges has not been analyzed previously, although its geometrical organization has been studied extensively. In ref. 8 , a much simpler radially symmetric actin filament arrangement is assumed with alternating cross-bridges between adjacent actin filaments, which lie in planes that pass through the axis of the central filament, and there is no hexagonal organization of either the actin filaments or the fimbrin cross-bridges. In the present model illustrated in Fig. 3 , the fimbrin cross-links inside the bundle are subject to five different tensile forces, F a , F b , F c , F d , and F q , because of structural symmetry. The principal difficulty is that these forces do not act in the same cross-sectional plane because of the 60°, 12.5-nm axially advancing rotation of the fimbrin cross-links. This difference in the plane of action is distinguished by the dotted, dashed-dotted, and solid lines in Fig. 3 . A force balance on the actin filament shown as an open circle in Fig. 3 Left and shown enlarged in the force diagram in Fig. 3 Right, in direction x requires that
[4]
However, F c ϭ F d if we assume that the fimbrin cross-bridges are inextensible and that these two forces are both opposite and act in the same cross-sectional plane. Therefore, from Eq. 4 F a ϭ F b . Hence, the actin filaments in the interior of the bundle are not deflected because three pairs of equal but opposite forces act on them. This conclusion is true, even if new layers of actin filaments are added to the bundle. In contrast, the actin filaments in the outer ring in Fig. 3 are asymmetrically loaded and have different loading depending on whether they are in a corner or central position in the outer ring. Fig. 4 shows the static-force analysis on the outermost actin filaments at both corner and central positions (see also Fig. 3 ). In Fig. 4 , T n is the tensile force exerted by the cross-filaments on the actin filament bundle, and F a , F c , and F q are tensile forces exerted by the fimbrin cross-links. The force balances in Fig. 4 are used to obtain the maximum deflection of actin filaments in the x direction by using classic small-deflection theory for uniform beams (25) . The actin filament in Fig. 4A is treated as a beam with fixed ends because of its symmetric periodic loading, whereas the actin filament in Fig. 4B is treated as a simply supported continuous beam that is asymmetrically loaded. The details of these models can be found in Appendix B and Figs. 8-12, which are published as supporting information on the PNAS web site. For the actin filament at the outer corner in Fig. 4A , the maximum deflection in the x direction ␦ m1 is given by
where q r ϭ F q ͞T n and EI a is the flexural rigidity of the actin filament. For the actin filament at the central position of the outer ring in Fig. 4B , one finds that the maximum deflection in the x direction is
In Eq. 5, one also has to consider the lateral deflections of the actin filaments based on the force balance in the y direction shown in Fig. 4A to obtain a relation between q r and T n . The details of this more elaborate analysis are provided in Appendix B. The force balance in the y direction in Fig. 4B is not required because the sum of forces in this direction are equal and opposite and, thus, cancel. Comparing Eqs. 5 and 6, one observes that the overall maximum deflection of the outer actin filaments is given by Eq. 6 because q r Ͼ 0.6 in the relevant range (Fig. 12) , and ␦ m2 Ͼ ␦ m1 . If the cross-filaments are inextensible, the maximum hoop strain is given by
where R 0 is the original radius of the cell process and d 0 is the undeformed spacing between the cell process and the canalicular wall. Combining Eqs. 1, 2, 6, and 7, we obtain the expression for the hoop strain in the cell process, c , as a function of the hydrodynamic loading, w. From this expression, c is also a function of tissue loading because the hydrodynamic loading, w, is related to tissue loading (Eq. 2 and Appendix A).
Parameter Values. The values of the parameters used in the model, which were grouped as parameters for the hydrodynamic model, parameters for the canaliculus and cell process, and parameters for the central actin filament bundle, are shown in Table 1 .
Results
In Fig. 5 , we plot the hoop strain of the osteocyte process as a function of loading frequency for a tissue loading of 1 MPa. First, our model for the actin bundle is more rigid than the model in ref. 8 . The hoop strains are roughly a factor of 3 smaller for the same loading. Second, there is no observable difference between the predictions of the string model, EI ϭ 0, of the transverse element as in ref. 8 and the predictions of the elastica model for EI ϭ 700 pN⅐nm 2 , for a tissue loading of 1 MPa. However, there is a substantial effect when EI is 1 order of magnitude larger or for very small tissue strains, as we show in Fig. 7 . Fig. 6 shows the hoop strains of the osteocyte process as a function of loading frequency with tissue loading as a parameter. In this figure, we also model the transverse element as an inextensible string, as in ref. 8 , because the flexural rigidity EI has a negligible effect on the hoop strains for loadings of Ͼ1 MPa (50 microstrain), as shown in Fig. 5 . One observes that a tissue loading of Ͼ20 MPa (a tissue strain of 1,000 microstrain) will stimulate a hoop strain of Ͼ0.5% for all loading frequencies of Ͼ1 Hz. Experiments show this is the minimum dynamic substrate strain required to stimulate a cellular response in cultured bone cells (3) (4) (5) . One of the most interesting predictions of this previously undescribed theory is shown in Fig. 7 . We show that tissue strains can be amplified by 10-to 100-fold or more in the physiological loading range (1-20 Hz) and that, in contrast to the earlier theory in ref. 8 , there is a maximum in this amplification curve at very low loading when the finite flexural rigidity of the tethering elements is considered. As noted in ref. 8 , the amplification ratio t ͞ c increases as both the loading frequency increases and the whole-tissue strain decreases for tissue strains of Ͼ5 microstrain (loads of Ͼ0.1 MPa).
Discussion
We have constructed a model for the central filament bundle based on the hexagonal organization of actin filaments crosslinked by fimbrin (13) . The model is consistent with the central filament bundle organization observed for stereocilia in the ear (21) and microvilli in the intestine (11, 14) . You et al. (9) found that there is a 25-nm annular space between the central filament bundle and the osteocyte process membrane. The structural similarity between the different cell protuberances suggests that brush border myosin-I or cross-filaments of equivalent function attach the core actin bundle to the osteocyte process membrane in this annular space. Furthermore, the structural periodicity in hexagonally packed microvilli and stereocilia suggests that the cross-filaments are spirally arranged with a 37.5-nm spacing, and the transverse elements, which attach the osteocyte process membrane to the canalicular wall, are arranged in a similar manner. Three features of this model make the osteocyte process more rigid than the model proposed by You et al. (8) . First, the inner actin filaments of the central bundle experience no deflection due to the hexagonal symmetry of the spiraling fimbrin cross-links, which was not realized in earlier studies. Hence, there is no cumulative displacement of radially symmetric alternately loaded actin filaments. Second, the periodic spacing between the fimbrin cross-links was smaller, 37.5 nm (Fig. 1B) instead of 50 nm as assumed by You et al. (8) . Third, actin filaments in the outer ring in ref. 8 had a uniformly distributed load rather than a point load T n as in the present model. The probable existence of the double-helical spiral of cross-filaments shown in Fig. 1D was not realized previously (8) . Combining these three effects, we find that the hoop strains in the osteocyte process are a factor of 3 smaller than those predicted by You et al. (8) . However, the hoop strain is still quite large and is sufficient to stimulate cellular responses, as shown in Fig. 6 , for loads of Ͼ20 MPa at 1 Hz (tissue strain of Ͼ1,000 microstrain) and for loads as small as 5 MPa at 10 Hz (tissue strains of Ͼ250 microstrain). The latter load corresponds to a cellular-level strain of 0.5% (Fig. 6 ). Fig. 2 shows that the hydrodynamic loading produces a deflection of the transverse element, whereas the tensile force and the flexural rigidity inhibit the deflection. Hence, the finite bending rigidity EI should play a role in the strain-amplification model, at least for whole-tissue strains of Ͻ50 microstrain (tissue loadings Ͻ 0.1 MPa) (Fig. 7) . Fig. 5 shows that the hoop strain decreases as EI increases. However, the transverse element behaves like a string for tissue loading of Ͼ1 MPa for EI ϭ 700 pN⅐Nm 2 . Thus, finite flexural rigidity only inhibits the strain amplification at very small tissue loading. This result has important implications because it might explain why cellular-level signaling mechanisms are not constantly excited by the numerous low-amplitude loads observed in bone (2) .
Although the actual mechanism by which bone cells sense mechanical loading is not known for sure, a growing body of theoretical and experimental studies (4, 8, 22, 26, 27) suggest that it is related to the fluid flow in the lacunar-canalicular porosity. Reich and Frangos (27) first demonstrated in culture that osteoblasts can sense fluid shear stress and elicit biochemical responses at shear levels comparable with endothelial cells. Subsequently, Weinbaum et al. (22) developed a theoretical model to predict the fluid shear stress levels that the cell process membrane would experience because of physiological loading and showed, quite surprisingly, that this shear stress was essentially the same as endothelial cells in human capillaries. Thereafter, numerous cell-culture studies with osteoblasts and osteocytes demonstrated intracellular fluid shear responses to steady, pulsatile, and oscillatory shear (3, 4) . However, the fluid shear hypothesis then was questioned by Weinbaum et al. (14) on several grounds. First, the theoretical model by You et al. (8) predicted that the fluid drag on the tethering fibers per unit process length was Ϸ20 times greater than the fluid shear stress per unit cell process length, suggesting that fluid drag induced by mechanical loading was the dominant mechanism. Second, the theoretically predicted effective Young's modulus E eff of the actin filament bundle in the cell process obtained using earlier assumed model parameters (8) was Ϸ200 times more than that measured in the cell body (28) . The present analysis predicts that E eff of this central bundle is Ϸ3 three times that in the work of You et al. (8) . This finding suggests that the fluid shear responses that were being measured experimentally in cell cultures in fluid flow chambers (4, 27) were being elicited from the cell body rather than from the much more rigid, tightly organized cell processes, which are widely viewed as the sensing elements of the osteocyte.
The experiments of You et al. (4) are particularly revealing because they established a threshold response to elicit the release of Ca 2ϩ when bone cells were grown on stretchable substrates and also examined the fluid shear response by using several different cell lines, including ostoblastic and osteocytic (MLO-Y4) cells. Previously, other investigators had examined very small cellular-level deformations by bending rigid glass substrates but were unable to separate out the effects due to fluid shear and substrate deformation. Owan et al. (29) tried to overcome this difficulty by using slides of different thickness and concluded that fluid shear was the dominant mechanism because osteopontin expression was enhanced by fluid shear, whereas there was no response for strain levels as high as 8%. Osteopontin is an important noncollagenous protein in bone matrix that is associated with bone remolding. In contrast, Ca 2ϩ is an early response second messenger associated with numerous signaling pathways and, thus, a better indicator of the immediate mechan- Fig. 7 . Strain amplification ratio, the ratio of cellular-level cytoskeletal hoop strain c to whole-tissue strain t as a function of whole-tissue strain at two frequencies, 1 and 20 Hz, for EI ϭ 0 and EI ϭ 700 pN⅐nm 2 (20) .
ical response of the cells. The experiments on the MLO-Y4 cells, cells that have extended cell processes, showed significant increase in cytosolic Ca 2ϩ when substrate strains were increased from 0.1 to 1.0% (4). This observation was similar to that of Smalt et al. (5) , who found no increase in NO or prostaglandin E 2 (PGE 2 ) production for cellular strains up to 0.5%. Our model predicts that a threshold cellular-level strain of 0.5% can be achieved by a tissue loading of 20 MPa (tissue-level strain of 1,000 microstrain) at Ͼ1 Hz or a tissue loading of 5 MPa at Ͼ10 Hz (Fig. 6) . Such a threshold could explain why bone tissue is not constantly excited by the plethora of small strains to which it is subjected on a daily basis (2) . A second related behavior for very small strains is shown in Fig. 7 . The finite flexural rigidity of the tethering element leads to a strong attenuation of the amplification mechanism described herein for tissue-level strains of Ͻ5 microstrain.
The important role that the pericellular matrix plays in the transmission of fluid shear stress to the actin cytoskeleton, and the dichotomy in response of the cell body and cell processes, is suggested by the recent experiments of Reilly et al. (30) . These investigators exposed MLO-Y4 cells to oscillating fluid shear in which this extracellular matrix was either intact or degraded by hyaluronidase treatment. There was no effect of the glycocalyx degradation on the 2-to 5-fold increase in the intracellular calcium response, but the 4-fold increase in the PGE 2 response was eliminated. This loss of PGE 2 response was not observed for osteoblastic cells, which do not have cell processes, suggesting that cell processes are associated with the PGE 2 response. In contrast, calcium signaling is associated with hydrodynamic shear forces acting on the much more compliant cell body, and this effect should be independent of the presence or absence of a thin pericellular matrix layer.
We emphasize that the present model provides a lower bound on the maximum strain that the central actin filament bundle will experience. First, the fimbrin cross-links are treated as inextensible because it was assumed that the axial strains on the fimbrin cross-bridges were small compared with the bending strain on the actin filaments. Second, the positioning of the cross-filament attachments in Fig. 1B has been chosen to minimize the maximum def lection of the filaments in the outer ring of the actin filament bundle. One can only speculate about the mechanism through which hoop strains on the central actin filament bundle cause cytosolic Ca 2ϩ to increase. This mechanism could be through stretch-activated channels in the membrane of the cell process or an axial tension that is transmitted to the cell body due to an axial shortening of the actin filaments in the outer ring of the bundle that arises from their undulating periodic deformation.
Whereas the release of Ca 2ϩ and a variety of second messengers observed in vitro very likely can be attributed to a shear response acting on the cell body, rather than the much stiffer cell processes (4, 27) , these experiments provide little information about the fluid shear stress response in vivo, where the shear stress on the cell body and the cell processes can differ greatly because of lacunar-canalicular geometry. Cell processes are exposed to a level of fluid shear stress in vivo that is comparable with endothelial shear stresses in capillaries (22) because the fluid annulus surrounding the process is so narrow, 78 nm on average for adult mice (9) . A pericellular matrix also is observed surrounding the cell body in lacunae, but the thickness of this layer is typically 1 m and highly variable. Such distances argue against a tethering of the cell body to the lacunar wall as occurs in the canaliculi. From flow-continuity arguments, the fluid velocity in the pericellular space of the lacunae will be at least one order of magnitude smaller than in the canaliculi, and, thus, the shear stress on the cell body will be at least an order of magnitude smaller than those predicted for the cell processes. These qualitative estimates suggest that the cell body in vivo is not involved in mechanosensation, even though its effective Young's modulus is much smaller than the cell process. The more likely hypothesis is that the excitation mechanism is not fluid shear stress acting on the cell process membrane but, rather, the unique strain-amplification hypothesis that results from the interaction of the pericellular matrix and the cell process cytoskeleton.
Note Added in Proof:
Jiang and Cherian (31) have recently shown that hemichannels formed by connexin 43 in the cell processes are upregulated by mechanical strain. These hemichannels allow for the release of PGE 2 into the external environment, where it functions in an autocrine manner to regulate gap junction communication.
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